Aim: DL0805-2 [N-(1H-indazol-5-yl)-1-(4-methylbenzyl) pyrrolidine-3-carboxamide] is a DL0805 derivative with more potent vasorelaxant activity and lower toxicity. This study was conducted to investigate the vasorelaxant mechanisms of DL0805-2 on angiotensin II (Ang II)-induced contractions of rat thoracic aortic rings in vitro. Methods: Rat thoracic aortic rings and rat aortic vascular smooth muscle cells (VSMCs) were pretreated with DL0805-2, and then stimulated with Ang II. The tension of the aortic rings was measured through an isometric force transducer. Ang II-induced protein phosphorylation, ROS production and F-actin formation were assessed with Western blotting and immunofluorescence assays. Intracellular free Ca 2+ concentrations were detected with Fluo-3 AM. Results: Pretreatment with DL0805-2 (1-100 μmol/L) dose-dependently inhibited the constrictions of the aortic rings induced by a single dose of Ang II (10 -7 mol/L) or accumulative addition of Ang II (10 -10 -10 -7 mol/L). The vasodilatory effect of DL0805-2 was independent of endothelium. In the aortic rings, pretreatment with DL0805-2 (1, 3, and 10 μmol/L) suppressed Ang II-induced Ca 2+ influx and intracellular Ca 2+ mobilization, and Ang II-induced phosphorylation of two substrates of Rho kinase (MLC and MYPT1). In VSMCs, pretreatment with DL0805-2 (1, 3, and 10 μmol/L) also suppressed Ang II-induced Ca 2+ fluxes and phosphorylation of MLC and MYPT1. In addition, pretreatment with DL0805-2 attenuated ROS production and F-actin formation in the cells. Conclusion: DL0805-2 exerts a vasodilatory action in rat aortic rings through inhibiting the Rho/ROCK pathway and calcium fluxes.
Introduction
Hypertension is a global health crisis that has influenced over one billion people worldwide. It is also one of the key factors for cardiovascular diseases and may further result in heart attack, stroke, kidney failure and even disability or death [1] . Although there are many anti-hypertensive drugs that are used clinically, the development of new medications for the treatment of hypertension is in high demand. Efforts have been pursued by our team for several years to identify novel anti-hypertensive small molecular compounds with vasodilatory activity.
In recent basic and clinical studies, the Rho kinases (ROCKs) have been identified as important targets potentially involved in a variety of cardiovascular diseases including hypertension [2, 3] . As important effectors of the small G proteins, the ROCKs have been found to participate in a wide range of fundamental cellular functions, such as cell morphology, motility, contraction, adhesion, migration, proliferation, differentiation, and apoptosis [4] [5] [6] . Abnormalities in the Rho/ROCK pathway have been observed in various cardiovascular diseases, especially hypertension [7, 8] . Calcium channel blockers are widely used in the treatment of hypertension, and this class of drugs is one of the most classical ones used in clinics [9] . The inhibition of voltage-operated or receptor-operated calcium channels will decrease intracel-lular Ca 2+ concentration and relax the contraction of vessels to relieve vascular spasms [10] [11] [12] . Discovering novel Rho kinase inhibitors that simultaneously block calcium fluxes might be a promising way to develop new anti-hypertension drugs.
DL0805 (5-nitro-1H-indazole-3-carbonitrile) is a new Rho kinase inhibitor discovered by high-throughput screening (HTS) during our previous work, and was also found to have a vasorelaxant effect [13, 14] . After further study, it was found to have high toxicity, which hindered its development. Through sustained designing and structure modification to DL0805 by our collaborating laboratory, several compounds bearing an indazole scaffold were obtained and were found to achieve a good effect on cardiovascular protection in vitro. Among these compounds, a new chemical entity, DL0805-2 (N-(1H-indazol-5-yl)-1-(4-methylbenzyl) pyrrolidine-3-carboxamide) exhibits a much stronger vasorelaxant effect than all of the other compounds including DL0805. Moreover, its toxicity is much lower. We have reported the vasodilatory effect of DL0805-2 on the peripheral arteries of rats [15] , while its action in large vessels has not been investigated. As is well known, large vessels, especially thoracic aortas, are also important in the development of hypertension. Considering that DL0805-2 is a totally new structure that has not been reported by other laboratories, it is of great interest to explore its medical value and its potency as a drug candidate. Therefore, in the present study, we investigated the effects of DL0805-2 on rat thoracic aortas and vascular smooth muscle cells (VSMCs) that were stimulated by a crucial vasoconstrictor, angiotensin II (Ang II), and elucidated its possible mechanisms. The inhibition of the Rho/ROCK pathway and blockage of calcium fluxes will be the major concerns. Figure 1 ) was synthesized by the Department of Medicinal Chemistry Laboratory of our institute. The purity is greater than 99%, and the structure has been confirmed by the analysis of physical-chemical properties and spectral evidence. The detailed synthesis and purification of this compound has been reported in a Chinese patent (Application No 2012101721910).
Materials and methods
The enzyme-linked immunosorbent assay (ELISA) kit for the Rho kinase activity assay was purchased from Cyclex (Nagano, Japan). Recombinant human activated ROCK1 was purchased from R & D Systems Inc (Minneapolis, MN, USA). Norepinephrine (NE), acetylcholine (ACh) and angiotensin II (Ang II) were purchased from Sigma (St Louis, MO, USA). Ethylene glycol tetraacetic acid (EGTA) was purchased from Amresco (Solon, OH, USA). The Ca 2+ probe Fluo 3-AM was purchased from Dojindo (Kumamoto, Japan). Antibodies against phosphor-MYPT1 (Thr 696), total MYPT1 (myosin phosphatase target subunit 1), phosphor-MLC (Ser 19), total MLC (myosin light chain), phosphor-ERM (Ezrin/Radixin/ Moesin), phosphor-cofilin and Alexa Fluor 488 phalloidin were purchased from Cell Signaling Technology Inc (Beverly, MA, USA). Antibodies against GAPDH and phosphor-Limk were purchased from Santa Cruz Biotechnology Inc (Dallas, TX, USA). All other reagents were purchased domestically and met the experimental standards.
Rho kinase activity assay
The inhibitory effect of DL0805-2 on ROCK1 was detected by ELISA according to the instruction of the Rho kinase assay kit (CY-1160, Cyclex). In brief, DL0805-2 was pre-incubated in a system wherein ROCK1 (0.02 ng/μL) phosphorylates the kinase substrate myosin-binding subunit (MBS) pre-absorbed onto the microplate in the presence of Mg 2+ and ATP. The phosphorylated form of threonine-696 on MBS can be recognized specifically by the detector antibody called AF20, which has been bound with horseradish peroxidase. Horseradish peroxidase catalyzes the conversion of the chromogenic substrate tetra-methylbenzidine (TMB) from a colorless solution to a blue solution. The absorbance at a wavelength of 450 nm is measured after adding H 2 SO 4 to stop the reaction. The color reflects the relative level of ROCK1 activity in the sample. The values of OD 450 nm were used to calculate the percent inhibition and nonlinear regression was used to obtain the IC 50 value.
Preparation and tension recording of rat aortic rings Male Sprague-Dawley rats weighing 240-280 g (60-70 days old) were provided by Vital River Laboratories, Beijing, China. The animals were housed in plastic cages under controlled humidity (50%) and temperature (25 °C), and they were exposed to a 12 h light/dark cycle with free access to purified water and a standard diet. The animal care and handling were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health and the Laboratories Institutional Animal Care and Use Committee of Chinese Academy of Medical Science and Peking Union Medical College.
The descending thoracic aorta was isolated rapidly after rats were euthanized by cervical dislocation. The adherent connective tissue was cleaned carefully, and then the aorta was cut into ring segments (3-4 mm in length). The endothelial layer of the aorta was destroyed by gently rubbing the luminal surface with a moist cotton swab as necessary. Two stainless steel triangles were passed through the lumen of each ring. One triangle was connected to an isometric force transducer connected to a BIOPAC polygraph (MP100WSW, Biopac Systems, Inc, Goleta, CA, USA) to measure tension in the vessels [16, 17] . The rings were mounted in organ baths containing 10 mL Krebs-Henseleit (K-H) solution of the following composition [18] . The aortic preparations were stretched until they reached a resting tension of 1.2 g. Then, they were equilibrated for 60 min; during this time, the bath fluid was changed every 20 min [19] . After the equilibration period, the aortic rings were constricted with a high K + (60 mmol/L) K-H solution to stimulate the tissue and to verify its availability. Then, the rings were washed with normal K-H solution to restore the basic tension of 1.2 g. To confirm the integrity of the endothelium, acetylcholine (10 μmol/L) was added to the bath following stabilized contraction induced by NE (1 μmol/L). When the relaxant response to ACh was less than 10%, the endothelium was considered to be completely removed. When the relaxant response was greater than 90%, the endothelium was considered to be intact. Suitable aortic rings were chosen for the following experiments.
Subsequently, Ang II was used to stimulate the tension of the aortic rings. DL0805-2 were added to the organ bath, and the aortic rings were incubated with various concentrations of DL0805-2 for 30 min. Then, a single dose of Ang II (100 nmol/L) was added to induce a transient vasoconstriction. In this experiment, both endothelium-intact and -denuded rings were used to verify the influence of the endothelium. In a separate experiment of endothelium-denuded aortic rings, Ang II ranging from 1×10 -10 mol/L to 1×10 -7 mol/L was applied cumulatively to obtain concentration-response curves. An interval time of 3 min was used to ensure that the next concentration of Ang II was added when the last maximum tension was obtained. In other experiments, KCl ranging from 10 to 60 mmol/L or NE ranging from 1×10 -9 mol/L to 1×10 -6 mol/L was applied cumulatively to obtain concentration-response curves. The interval time was 5 min.
Molecular docking
A molecular model of a complex between [Sar1, Bpa8] Ang II and the hAT1 receptor was downloaded from the PDB (PDB entry: 1ZV0). The crystal structure of Rho kinase in complex with Y27632 (a Rho kinase inhibitor) was downloaded from the PDB (PDB entry: 2H9V). To obtain the docking-binding models for AT 1 R or Rho kinase in complex with DL0805-2, the molecular modeling program MOE 2010 (Chemical Computing Group Inc., Canada) was used to perform the docking process. The detailed parameter settings and the docking process was carried out as previously described [20] . Losartan (an Ang II receptor antagonist) and fasudil (a Rho kinase inhibitor) were used as positive controls.
Calcium fluxes in isolated aortic rings
Calcium fluxes in isolated aortic rings will cause changes in vascular tone. When the calcium concentration in the cytoplasm is elevated, the isolated aortic rings will contract. Through the elution of extracellular calcium and/or intracellular calcium, the inhibitory effect of DL0805-2 on calcium fluxes was observed. The extracellular calcium was eluted by Ca 2+ -free K-H solution with 50 μmol/L EGTA. The aortic rings were incubated with 1, 3, and 10 μmol/L DL0805-2 for 30 min, and then 1 μmol/L Ang II was added to cause the release of intracellular calcium. The transient contraction was recorded to reflect the level of Ca 2+ release. To investigate the inhibitory effect of DL0805-2 on extracellular Ca 2+ influx, both extracellular and intracellular calcium were eluted by Ca 2+ -free K-H solution with 1 mmol/L EGTA. The aortic rings were incubated with 1, 3, and 10 μmol/L DL0805-2 for 20 min, and then 1 μmol/L Ang II was added to the organ bath and co-incubated for 10 min. Subsequently, a final concentration of 2.5 mmol/L CaCl 2 solution was added to the bath. The Ang II in the bath caused a Ca 2+ influx into the smooth muscle cells and vasoconstriction. The vascular tone was recorded to reflect the extracellular calcium influx levels.
Vascular smooth muscle cell culture
Rat aortic vascular smooth muscle cells (VSMCs) were isolated from the thoracic aortas of male SD rats by enzymatic digestion and tissue explant method as previously described [21, 22] . Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin. The cells were incubated at 37°C in a 5% CO 2 humidified atmosphere. Cells were used at passages 4-8 and serum-starved for 24 h prior to exposure to the various treatments.
Western blot assay
Rat endothelium-denuded aortic rings were prepared as mentioned in part 2.3. The rings were pretreated with either DL0805-2 (1, 3, 10, and 30 μmol/L) or an equal volume of solvent for 30 min prior to exposure to 1 μmol/L Ang II for 4 min, and then the rings were immediately frozen in liquid nitrogen.
VSMCs were pretreated with various concentrations of DL0805-2, from 0.03 to 10 μmol/L, for 30 min prior to the addition of 1 μmol/L Ang II for 4 min and then washed with precooled PBS. In both experiments, fasudil was used as a positive control.
The aortic rings or cellular proteins were extracted using RIPA lysis buffer. After complete homogenization on ice, the samples were centrifuged. The supernatants were fractionated by 8% or 12% SDS-PAGE and then electro-transferred onto a PVDF membrane. The membranes were blocked with 5% BSA in Tris-buffered saline plus 0.1% Tween-20 (TBST) for 1 h at 37 °C. Then, they were subjected to an immunoblotting assay using primary antibodies to total MYPT1, phosphor-MYPT1, total MLC, and phosphor-MLC as well as GAPDH as an internal reference.
Immunofluorescent staining
For immunofluorescent staining, rat VSMCs were cultured in black 96-well plates with a clear bottom (Corning Costar, NY, USA) at a density of 4000 or 10000 cells/well. Cells were starved for 24 h before the experiments. To detect F-actin formation, cells were pre-incubated with or without DL0805-2 (1, 3, and 10 μmol/L) for 2 h. Then, the cells were stimulated with 10 -6 mol/L Ang II for 4 h, and 4% paraformaldehyde was used to fix the cells for 15 min at room temperature. After washing away the fixing buffer, the cells were treated with 0.1% Triton X-100/PBS for 15 min at 4°C, blocked with 2% BSA/PBS for 1 h at room temperature, and then probed with Alexa Fluor 488 phalloidin for 20 min at room temperature in the dark. After washing out the extra dye, the cells were stained with Hoechst 33342 for 5 min [23] . To detect phosphorylation levels, cells were treated and handled as described above and as previously reported [24] . However, cells were stimulated with 10 -6 mol/L Ang II for only 3 min and then fixed with paraformaldehyde. After blockage and permeabilization, the cells were incubated with phosphor-protein antibody overnight at 4 °C, and then an Alexa Fluor ® 555-conjugated secondary antibody was used to probe the primary antibody. The cells were washed with PBS and stained with Hoechst 33342 for 5 min [25, 26] . To detect the formation of reactive oxygen species (ROS), DL0805-2 (1, 3, and 10 μmol/L) was added to VSMCs. After incubation for 2 h, the cells were stimulated by 10 -6 mol/L Ang II for 1 h. ROS in VSMCs was probed with DCFH-DA for 20 min in an incubator at 37 °C, and cell nuclei were stained with Hoechst 33342 for 5 min [27, 28] . The above fluorescent images and data analyses were obtained using a high-content cytometer (Cellomics ArrayScan VTI HCS reader, Thermo, Waltham, MA, USA). 2+ ] measurements Measurement of intracellular free calcium concentration with Fluo-3 acetoxymethyl ester (Fluo-3 AM) was performed as previously described [29, 30] . The cells were washed three times with HBSS (pH=7.4) of the following composition in g/L: NaCl 8, Na 2 HPO 4 ·12H 2 O 0.126, KCl 0.4, KH 2 PO 4 0.06, MgSO 4 0.098, CaCl 2 0.14, glucose 1 and NaHCO 3 0.35 containing 0.05% Pluronic F-127. Then, the cells were loaded with 4.4 μmol/L Fluo-3 AM in HBSS for 40 min at 37°C. After washing away the excess dye, the cells were pre-incubated with DL0805-2 (1, 3, and 10 μmol/L) for 30 min. An automatic microplate reader (EnVision 2104 Multilabel Reader, PerkinElmer Inc, Waltham, MA, USA) was used to add stimulators to the cells and to read the fluorescence values before and after the stimulation. The excitation wavelength was 480 nm, and the emission wavelength was 535 nm.
Intracellular [Ca

Statistical analysis
The results are expressed as the mean±SEM. The significance of the differences between groups was determined by one-way or two-way ANOVA as appropriate. The mean values were compared by the Dunnett's post hoc test for multigroup comparisons. Values of P<0.05 were considered statistically significant. The images in this article were created using GraphPad Prism 5 (GraphPad Software Inc, La Jolla, CA, USA).
Results
Inhibitory effect of DL0805-2 on ROCK1
The inhibitory effect of DL0805-2 on ROCK1 was observed by ELISA. As ROCK1 and ROCK2 have up to 92% homology in their catalytic domains, only ROCK1 was used in our research to reflect the activity of DL0805-2 [31] . When the activity of ROCK1 was inhibited by DL0805-2, the phosphorylation level of Rho kinase substrate would decrease. In addition, the color of the final reaction reflected the potency of DL0805-2. The maximum inhibitory effect (E max ) of DL0805-2 on ROCK1 is 75.81%, and the IC 50 is approximately 1.65×10 -7 mol/L (Figure 2 ). DL0805-2 inhibited the contraction induced by Ang II Endothelium-intact or -denuded thoracic aortic rings were preincubated with DL0805-2 at several concentrations (0.1, 0.3, 1, 3, 10, 30, and 100 μmol/L) for 30 min. Only one single dose of Ang II (0.1 μmol/L) was added to the organ bath to stimulate the rings and record the maximum tension. DL0805-2 exerted a concentration-dependent inhibitory effect on the contraction induced by a single dose of Ang II (0.1 μmol/L). According to the results ( Figure 3A-B) , the endothelium did not exhibit a significant influence on the vasodilatory effect of DL0805-2. DL0805-2 directly acted on vascular smooth muscle with high potency. Therefore, in the following experiments, only endothelium-denuded aortic rings were used to observe the direct action of DL0805-2 on vascular smooth muscle.
Endothelium-denuded thoracic rings were pre-incubated with DL0805-2 (1, 3, and 10 μmol/L) for 30 min before Ang II (10 -10 -10 -7 mol/L) was cumulatively added to the bath. DL0805-2 (1, 3, and 10 μmol/L) inhibited cumulative Ang II-induced contractions of rat thoracic aortic rings in a concentration-dependent manner and produced a rightward shift in the concentration-response curve to Ang II with a significant reduction in the maximal contractile response from 91.20%±2.68% to 72.89%±4.11%, 53.68%±6.00% and 20.76%±3.44%, respectively ( Figure 3C ). [32, 33] . To determine whether DL0805-2 inhibited the transient flux of Ca 2+ induced by Ang II, endothelium-denuded thoracic aortic rings in Ca 2+ -free K-H solution were used in the experiment.
DL0805-2 (1, 3, and 10 μmol/L) significantly inhibited intracellular Ca
2+ release in Ca 2+ -free K-H solution. The inhibition in the vehicle group was considered 100%. The maximal contraction of rings treated by DL0805-2 decreased to 74.85%±7.68%, 67.53%±4.60%, and 42.82%±4.23%, respectively ( Figure 5A ).
As Ang II has a very short duration of action, only a single dose of Ca 2+ (2.5 mmol/L) was used in the extra-Ca 2+ influx experiment. DL0805-2 (1, 3, and 10 μmol/L) also inhibited the Ca 2+ influx induced by Ang II (1 μmol/L) in Ca 2+ -free K-H solution upon the addition of 2.5 mmol/L CaCl 2 in one portion. The vehicle group was considered 100%. The maximal contraction of DL0805-2 treated rings decreased to 68.22%±5.97%, 57.24%±8.23%, and 30.14%±8.82%, respectively ( Figure 5B ).
DL0805-2 inhibited the phosphorylation levels of MYPT1 and MLC in isolated aortic rings
As a Rho kinase inhibitor, DL0805-2 may also affect the Rho/ ROCK pathway in isolated aortic rings, especially the phos- Figure 6 ) showed that pre-incubation with DL0805-2 (1, 3, 10 and 30 μmol/L) inhibited the increases in MLC and MYPT1 phosphorylation levels to different degrees induced by Ang II in rat thoracic aortic rings. However, 30 μmol/L DL0805-2 did not change the basal MLC and MYPT1 phosphorylation levels.
DL0805-2 inhibited ROS production in VSMCs
Ang II could induce ROS production through activation of NADPH oxidases in VSMCs [34, 35] . Pre-incubation of VSMCs with DL0805-2 for 2 h prior to the addition of Ang II (1 μmol/L) decreased the formation of ROS. After 1 h of stimulation by Ang II, ROS generation in VSMCs increased to 142.8%±7.7% of the control. DL0805-2 (1, 3, and 10 μmol/L) diminished VSMCs ROS generation in the presence of Ang II to only 109.8%±3.0%, 97.6%±9.2%, and 95.0%±5.1% of the control, respectively (Figure 7 ).
DL0805-2 inhibited F-actin formation in VSMCs
It is well known that actin stress fiber formation is induced by the activation of Rho kinase in several types of cells and tissues [36] . Thus, the cellular effect of DL0805-2 on actin stress fiber formation was tested in VSMCs. The results showed that pre-incubation with DL0805-2 (1, 3, and 10 μmol/L) could slightly decrease F-actin formation induced by Ang II, and 10 μmol/L DL0805-2 exhibited a significant inhibitory effect (Figure 8 ).
DL0805-2 inhibited the phosphorylation levels of the downstream substrates of Rho kinase in VSMCs
The activation of Rho kinase can directly phosphorylate its downstream substrates ERM and Limk, while cofilin, as the substrate of Limk, is an indirect substrate of Rho kinase. Its phosphorylation level will be increased when the activity of Rho kinase is high [3, 37] . Pre-incubation with DL0805-2 (1, 3, and 10 μmol/L) will significantly decrease the phosphorylation levels of these three direct or indirect substrates of Rho kinase ( Figure 9 ).
Western blot analysis showed that DL0805-2 also blunted Ang II-induced Rho kinase activation in VSMCs. The phosphorylation levels of MLC and MYPT1 were significantly reduced by pre-incubation with DL0805-2, while 10 μmol/L DL0805-2 had little influence on basic protein phosphorylation levels. The results obtained in VSMCs were similar to those obtained in aortic rings (Figure 10 ). Further experiments revealed that DL0805-2 inhibited the change in inner Ca 2+ through both intracellular Ca 2+ release and extracellular Ca 2+ influx, which accounted for the elevation Figure 11C ). Based on these results, it appears that DL0805-2 exhibits more potent efficacy on extracellular influx than intracellular release.
DL0805-2 inhibited the
of Ca 2+ in VSMCs. To test the inhibitory effect of DL0805-2 on intracellular Ca 2+ release, Ca 2+ -free HBSS was used to wash away the extracellular Ca 2+ of cultured VSMCs. Then, after pre-incubation with DL0805-2, Ang II was added to stimulate the release of Ca 
Discussion
Several indazole compounds have been found to be active in Rho kinase inhibition [36, 38] . Additionally, in our previous work, a new chemical entity, 5-nitro-1(2)H-indazole-3-carbonitrile (DL0805), was discovered as a new Rho kinase inhibitor with an IC 50 of 6.67 μmol/L. DL0805 was derived from the compound library in our laboratory through HTS as previously described [14] . Although DL0805 exerted a significant vasorelaxant effect in a dose-dependent manner [13] , it was found to be toxic both in vivo and in vitro. In a mouse acute toxicity trial, the LD 50 of intravenous administration of DL0805 was 33.01 mg/kg. Therefore, we optimized the structure of DL0805 and obtained more than 100 new indazole compounds. Among these compounds, DL0805-2, which has a totally new structure, shows superiority in Rho kinase inhibition, vasorelaxation and toxicity. The IC 50 of DL0805-2 on ROCKI is approximately 0.165 μmol/L, which is close to that of Fasudil (HA-1077) and Y27632 and is more potent than DL0805 [39] . On NE pre-contracted isolated thoracic aortic rings, the pEC 50 of DL0805-2 is approximately 5.68, while that of DL0805 is 4.54. DL0805-2 has a much stronger effect on vasodilation than DL0805. DL0805-2 also exhibits a relaxant effect on vessels contracted by various constrictors, including KCl, 5-HT, U46619, ET-1, NaF, PDBu and vasopressin. DL0805-2 has lower in vivo toxicity. The LD 50 of intravenous administration of DL0805-2 was 70.90 mg/kg. In summary, DL0805-2 exhibits better efficacy in Rho kinase inhibition and vasodilation than DL0805 but has lower toxicity. The superiority of DL0805-2 makes it more valuable than DL0805 for further studies. In the present study, the possible use of DL0805 for the treatment of hypertension was analyzed.
Ang II, a vital bioactive peptide of the renin-angiotensin system (RAS), plays an important physiological role in maintaining vascular tone by regulating immediate vasoconstriction in the cardiovascular system [40] . Among various humoral factors involved in vascular alterations in hypertension, Ang II appears to be one of the most important factors. It induces vasoconstriction via the activation of the angiotensin type 1 receptor (AT 1 R) in smooth muscle cells, which results from the activation of phospholipase C and the increase of cytoplasmic [41, 42] . In addition, when binding to the AT 1 R, Ang II regulates the low weight guanosine triphosphatase RhoA and indirectly activates Rho kinase by increasing the amount of GTP-bound RhoA [43] , which promotes contraction of cells via the phosphorylation of downstream proteins [44, 45] . Therefore, in our study, Ang II was used as the stimulator to contract the aortic rings and smooth muscle cells, and the protective effects and underlying mechanisms of the Rho kinase inhibitor DL0805-2 on such organs and cells were detected.
The present study revealed that DL0805-2 exerted a concentration-dependent vasorelaxant effect on Ang II-induced aortic ring constriction. Pre-incubation with DL0805-2 could attenuate the contraction induced by a single dose of Ang II (1×10 -7 mol/L) and produced a rightward shift in the concentrationresponse curve of Ang II (1×10 -10 -1×10 -7 mol/L) with a significant reduction in the maximal contractile response. This study revealed that DL0805-2 exhibits a strong vasorelaxant effect on isolated large aortic rings and non-competitive antagonism of Ang II-induced contractions. In addition, DL0805-2 not only had a potent inhibitory effect on the contraction induced by Ang II but also inhibited the contraction induced by other vasoconstrictors. In another experiment, DL0805-2 showed non-competitive antagonism to KCl and NE-induced contraction curves. It also produced a right shift in the contraction curves and reduced the maximum contraction response. If DL0805-2 relaxes the vessels only through the blockage of AT 1 R, it should not have an effect on vessels contracted by other vasoconstrictors [46, 47] . Moreover, a preliminary study carried out using a computational molecular docking method ] i response to induce the contraction of aortic rings, which consists of a rapid initial transient phase followed by a sustained plateau [48] . The initial transient phase is primarily characterized by IP 3 -induced intracellular Ca 2+ mobilization from the sarcoplasmic reticulum, which is also referred to as intracellular Ca 2+ release. The sustained phase is dependent on an influx of Ca 2+ from the extracellular medium [49] [50] [51] . In our experiment, pre-incubation with DL0805-2 suppressed the Ang II-induced intracellular Ca 2+ release and extracellular Ca 2+ influx on both isolated aortic rings and VSMCs. Ca 2+ fluxes in isolated vessels were represented by the contraction of aortic rings. DL0805-2 effectively inhibited such Ca 2+ flux-induced vasoconstriction. DL0805-2 can also inhibit the extracellular calcium influx induced by 60 mmol/L KCl or 1 μmol/L NE and the intracellular calcium release induced by 1 μmol/L NE (unpublished data). In other words, the inhibition of Ang IIinduced vasoconstriction in Ca 2+ -free medium by DL0805-2 and the inhibition of the contraction induced by the addition of CaCl 2 to the preparation are not due to the blockage of AT 1 R.
The Ang II-induced vascular contraction involves the activation of the Rho/ROCK pathway as mentioned above. As a Rho kinase inhibitor, DL0805-2 significantly suppressed the phosphorylation levels of MYPT1 and MLC, which are direct substrates of Rho kinase.
In the primary cultured rat thoracic aortic smooth muscle cells, we have obtained similar results to those obtained with the isolated aortic rings. Ang II had significant pro-inflammatory actions on the vascular wall and induced ROS production through the activation of NADPH oxidases in VSMCs [34, 35] . ROS mediates vascular hypertrophy and precipitates the dysfunction of VSMCs. It is an important stimulator in the development of hypertension [52] . Ang II also induces actin stress fiber formation in VSMCs and plays a vital role in vascular remodeling [53, 54] . Both of the above phenomena are related to the activation of Rho kinase [42, 55] . Pre-incubation with DL0805-2 decreased the formation of ROS and stress fibers in VSMCs through the inhibition of Rho kinase. DL0805-2 suppressed the intracellular Ca 2+ concentration in VSMCs that was induced by Ang II. The decrease in intracellular Ca 2+ will lower the tension of cells and further relax vessels. The inhibition of calcium concentration in VSMCs, which is directly reflected by fluorescence probes, shows that DL0805-2 indeed has an impact on Ca 2+ fluxes. Furthermore, DL0805-2 down-regulated the phosphorylation levels of the direct Rho kinase substrates ERM, Limk, MYPT1 and MLC, as well as the indirect Rho kinase substrate cofilin. Interestingly, the basal MLC and MYPT1 phosphorylation levels in both aortic rings and VSMCs are not significantly reduced by DL0805-2. This phenomenon is in accordance with the non-inhibitory effect of DL0805-2 on the basal tension of isolated aortic rings.
In a preliminary computational molecular docking experiment, DL0805-2 was found to more potently interact with Rho kinase, instead of AT 1 R. It is believed that DL0805-2 inhibits the activity of Rho kinase to down-regulate the phosphorylation levels of several Rho kinase substrates and to further relax the vascular smooth muscle. It also decreases the calcium sensitivity of smooth muscle cells via the inhibition of Rho kinase. DL0805-2 also blocks the calcium flux including the extracellular calcium influx and intracellular calcium release. However, more experiments are required to clarify the exact interaction between DL0805-2 and calcium channels.
At present, in the pre-trial in vivo, DL0805-2 was found to be effective on hypertension crisis. It can steadily lower the blood pressure to a value within the safety range in a short time, and it does not cause hypotension. It also exhibited a protective effect on organs injured by high blood pressure, especially on the lungs and brain. As a Rho kinase inhibitor and calcium flux blocker, DL0805-2 might show some advantages in the treatment of hypertension crisis. Efforts have been made to develop DL0805-2 as an emergency anti-hypertension agent.
Conclusions
Taken together, the results suggest that DL0805-2 prevents Ang II-induced vascular contraction in vitro by inhibiting both Ang II-induced elevation in intracellular Ca 2+ and Rho/ROCK pathway activation. This work may contribute to the understanding of the molecular mechanisms of DL0805-2 in the vascular system and to the further development of DL0805-2 as an anti-hypertension drug. In addition, it may provide references for the investigation of novel indazole compounds targeting cardiovascular system diseases.
